H epatitis C virus (HCV) infection is the most common chronic bloodborne infection in the United
States and a substantial cause of morbidity and mortality. (1, 2) Many patients with chronic hepatitis C progress to advanced liver disease such as decompensated cirrhosis (DCC) and hepatocellular carcinoma (HCC). (3, 4) Furthermore, HCV is currently the leading indication for liver transplantation in the
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United States, suggesting that the burden of fatal liver disease is increasing in the estimated 2.7 million adults chronically infected with HCV in the United States. (5) Several studies reported that patients with HCV who received treatment and/or achieved a sustained virologic response (SVR, the surrogate for cure) experienced significantly reduced cumulative rates of HCC, liver transplantation, and liver-related death in the United States. (6) (7) (8) Furthermore, an economic study reported that HCV therapy with peg-interferon (PEG-IFN) and ribavirin (RBV) was associated with lower follow-up health care costs. (9) However, PEG-IFN therapy was plagued with significant side effects, leading to premature treatment stoppage decreasing the number of HCV-infected patients who achieved SVR rate. Fortunately, in recent years, HCV treatment has taken a major step forward with the introduction of highly efficacious direct-acting antiviral (DAA) therapy, which has demonstrated therapeutic efficacy, limited adverse effects, and a shorter treatment period compared with interferon-based regimens. (10) Despite guideline recommendations, access to HCV treatment has been frequently restricted because of the high DAA drug costs and prior authorization policies in which only the sicker get treated, slowing the expected rise in treatment rates. (11, 12) This delay in potentially curative treatment until development of advanced liver disease may have costly consequences. (9, 13, 14) Several economic modeling studies using data from the DAA clinical trials and the literature have forecasted an economic benefit with the DAA use due to lower disease complications. However, none of these studies used real-world clinical and economic outcomes data. (15) (16) (17) (18) Therefore, the aims of this study were to determine the clinical outcomes (incidents of HCC and DCC) as well as the economic impact of all-oral DAA treatment in chronically HCV-infected patients in the United States using real-world data obtained from a large national insurance database.
Materials and Methods

Data SoURCe
We conducted a retrospective cohort study using the Based on the receipt of treatment received, we classified patients into two exposure statuses: 1) patients treated with all-oral DAA therapy (DAA group), or 2) patients who did not receive any HCV treatments (untreated group). The all-oral DAA therapy group was defined as any patient who received one of the following DAA treatments: sofosbuvir/ledipasvir +/-RBV, sofosbuvir + simeprevir +/-RBV, sofosbuvir + RBV, sofosbuvir + daclatasvir +/-RBV, paritaprevir/ritonavir/ombitasvir +/-dasabuvir +/-RBV, elbasvir/grazoprevir +/-RBV, and sofosbuvir/velpatasvir +/-RBV.
For patients in the DAA group, the first DAA prescription date was assigned as the index date. To assign the index date for untreated patients, we used a prescription time-distribution matching using the number of days from the first HCV diagnosis to the dispensing time of the first DAA prescription for treated patients. (19) For each untreated patient, a hypothetical index date was selected at random based on the distribution for treated patients and assigned to him/her. Therefore, the overall distribution of the index date of the untreated patients was matched to that of the treated patients' index date.
Patients were included if they were 18 years old and continuously enrolled in the health plan 1 year before the index date. We excluded patients who had a history of DCC or HCC before the index date or received treatment with PEG-IFN-containing regimens. Furthermore, we determined the presence of cirrhosis prior to their index date using ICD-9-CM codes [571.5] and ICD-10-CM codes [K74.0, K74.60, K74.69].
StUDy oUtCoMeS
Clinical outcomes
The primary clinical outcomes were incident rate of HCC and liver decompensation. All outcomes were then stratified by baseline cirrhosis status. HCC was defined as presence of 1 inpatient or 2 outpatients ICD-9 or ICD-10 diagnosis of HCC (Supporting Table S1 for ICD9-CM/ICD10 CM  codes) . (20) The earliest date for diagnosis of HCC was considered the incident date of HCC. Follow-up started from the index date of HCV treatment and continued until the incidence of HCC, end of enrollment, or the end of the study (December 31, 2016), whichever came first (Supporting Fig. S1 ). DCC was defined by presence of at least 1 inpatient or 2 outpatients ICD-9 diagnosis of ascites, esophageal varices, or spontaneous bacterial peritonitis. (21, 22) Based on the results of the previous validation study, we did not include the diagnosis for hepatic encephalopathy, as this diagnosis was frequently linked to unrelated conditions. (21) The incident date of liver decompensation was defined as the appearance of the first episode of DCC. Follow-up for DCC started from the index date of HCV treatment and continued until the incidence of DCC, end of enrollment, or the end of the study (December 31, 2016), whichever came first. If a patient had a liver decompensation event after an HCC diagnosis, we presumed this patient had HCC and was censored at that date for HCC and was not included in DCC events.
In a sensitivity analysis, we excluded patients who had any type of cancers before the index date to avoid the possibility of erroneously including metastatic cancer to the liver. We also conducted another sensitivity analysis to define HCC as the presence of at least 1 inpatient or 2 outpatients ICD-9 or ICD-10 codes for HCC made ≥3 months after baseline. For incidence of DCC, we performed a sensitivity analysis without censoring patients at their date of HCC. In a subgroup analysis, we included minimum effectively treated patients who received either the all-oral DAA regimen of sofosbuvir/ledipasvir for at least 8 weeks or a 12-week treatment of the other all-oral therapy.
economic outcomes
To determine at least 1-year posttreatment costs, we excluded patients with HCV who had less than 1-year follow-up after their index date (Supporting Fig. 2 ). Medical costs were defined as the estimated costs associated with medical services including ambulatory care, inpatient hospitalizations, and emergency department obtained from a third-party payer's perspective. Both liver-related and all-cause costs were obtained. Medical costs per person per year (PPPY ) were defined as the amount paid to the provider plus the member's cost sharing for liver-related and all-cause services before and after initiation of HCV treatments. Liver-related costs were identified by any liver-related ICD-9 code (i.e., HCV, cirrhosis, DCC, HCC, and liver transplant) as a primary diagnosis on the claim. All-cause costs were identified as medical services received for any reason. The mean unadjusted and adjusted posttreatment liver-related and all-cause medical costs were compared between the DAA and untreated groups. We also estimated the DAA treatment costs using pharmacy claims for minimum effectively treated patients who received either the all-oral DAA regimen of sofosbuvir/ledipasvir for at least 8 weeks or a 12-week treatment of the other all-oral therapy. Costs were adjusted to 2016 U.S. dollars using an annual 3% inflation rate.
StatIStICal aNalySIS
Baseline characteristics were compared between the DAA and untreated groups using Student t test for continuous variables and chi-square tests for categorical variables. We used logistic regression to identify factors associated with receiving DAA therapy. The number of HCC and DCC events and person-time of observation were determined for each group and used to calculate the incidence rates of HCC and DCC (number of events/1000 person-years). A multivariate Cox proportional hazards regression model was employed to compare the risk of developing HCC and DCC between the DAA-treated and untreated HCV groups. The covariates adjusted for the model included the following: age, gender, region, insurance type, HCV disease duration, alcoholic liver disease (ALD), nonalcoholic fatty liver disease (NAFLD), alcohol use disorder, injection/noninjection drug use disorder, hypertension, dyslipidemia, diabetes mellitus, chronic obstructive pulmonary disease (COPD), chronic kidney disease (CKD), cardiovascular disease (CVD), human immunodeficiency virus (HIV) infection, hepatitis B infection (HBV), hepatitis A infection (HAV), depression, schizophrenia/bipolar disorder, pregnancy, epilepsy, cancer history, and use of proton-pump inhibitors (PPIs) and statins (Model 1) (Supporting Table S2 ).
For economic analysis, for each treated patient, 1 untreated patient was matched using the propensity score (PS) that was calculated to adjust for the baseline differences in demographics, comorbidity conditions, and pretreatment costs between the DAA-treated and untreated groups. The PS was estimated using logistic regression to create a PS of the probability of receiving DAA therapy based on baseline demographic variables including covariates age and gender, alcohol/drug use disorders, medical conditions including hypertension, dyslipidemia, diabetes mellitus, COPD, CKD, CVD, HIV infection, HBV, HAV, depression, epilepsy, and schizophrenia/bipolar disorder, identified by ICD-9-CM and ICD-10-CM codes, as well as disease-modifying medications including statins and PPIs, and pretreatment costs (Model 2) (Supporting Table S2 ). We choose these comorbidities because they are associated with, but not caused by, HCV and may have a high impact on costs.
Posttreatment PPPY costs between the DAAtreated and untreated groups were compared using the Mann-Whitney U test, a nonparametric test for independent sample t test. Annual posttreatment liver-related and all-cause direct medical costs were estimated using a two-part model consisting of logistic regression to predict the likelihood of having health care costs greater than zero, and a generalized linear model with a gamma distribution and log-link function. (23) Mean adjusted posttreatment costs were estimated after adjusting for all covariates mentioned in PS matching analysis. A bootstrap resampling method was used to estimate the 95% confidence intervals (CI) of the health care costs. All the analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC) and STATA 13 (Stata Corp, College Station, TX).
Results
patIeNt CHaRaCteRIStICS
We identified 26,105 patients with newly diagnosed HCV who met our inclusion/exclusion criteria between January 2013 and December 2016 (Fig. 1 ). Of 26,105 HCV-infected patients, 18,177 patients (70%) did not receive any HCV treatment whereas 7,928 patients (30%) received the all-oral DAA treatments. Table 1 summarizes the baseline demographic characteristics between the DAA-treated and untreated groups. Patients who received the all-oral DAA regimens were older (mean age 54.4 vs. 52.7; P < 0.001) and had significantly more cirrhosis (15.2% vs. 5.2%; P < 0.001) and NAFLD (12.9% vs. 6.7%; P < 0.01). Patients in the untreated group had similar comorbidities (e.g., hypertension, diabetes) compared with patients receiving the all-oral DAA therapy, but they were more likely to have alcohol use disorder (9.1% vs. 6.5%; P < 0.001), drug use disorder (25.2% vs. 16.5%; P < 0.001), depression (21.8% vs. 15.0%; P < 0.001), and schizophrenia/bipolar disorder (4.5% vs. 2.5%; P < 0.001) and be pregnant (2.1% vs. 0.4%; P < 0.001). The mean follow-up time was 14.7 months and 11 months for the DAA-treated and untreated groups, respectively.
FaCtoRS aSSoCIateD WItH Not ReCeIVINg Daa tHeRapy
As shown in Supporting Table S3, we Table 2 displays the risk of developing HCC among the patients with HCV, stratified by cirrhosis status and receipt of HCV treatment. Among patients with cirrhosis (n = 2157), there were 57 (2.6%) HCC events. The majority of HCC events (70%) occurred in patients who received no treatment, providing an HCC incidence rate of 48.9 per 1000 person-years compared with the HCC incidence rate in the DAA group (11.7 per 1000 person-years). After adjusting for covariates, patients with cirrhosis in the DAA-treated group had a 72% decreased risk of developing HCC compared with those who received no treatment (hazard ratio [HR], 0.28; 95% CI, 0.15-0.52). There were 114 HCC events observed among patients without cirrhosis (n = 23,948). In patients without cirrhosis with HCV, the crude incidence rate of HCC was 5.8 per 1000 person-years in the untreated group and 3.1 per 1000 person-years in patients in the DAA-treated group. After adjusting for covariates, we found patients without cirrhosis in the DAA-treated group had a 57% decreased risk of developing HCC compared with those who received no treatment (HR, 0.43; 95% CI, 0.26-0.72).
eFFeCt oF all-oRal Daa RegIMeN oN INCIDeNt HCC
In the sensitivity analyses for patients who did not have cancer at baseline (HR, 0.28; 95% CI, 0.14-0.54 in patients with cirrhosis; HR, 0.37; 95% CI, 0.21-0.65 in patients without cirrhosis) and patients with HCC diagnosis ≥3 months after baseline (HR, 0.29; 95% CI, 0.16-0.55 in patients with cirrhosis; HR, 0.47; 95% CI, 0.27-0.80 in patients without cirrhosis), study results remained consistent with base case analysis (Table 3) . In a subgroup analysis in which we assessed HCC incidence among the minimum effectively treated patients who received either the all-oral DAA regimen of sofosbuvir/ledipasvir for at least 8 weeks or a 12-week treatment of the other all-oral DAA therapy, study results Table S5 ). 
eFFeCt oF all-oRal Daa RegIMeN oN INCIDeNt lIVeR DeCoMpeNSatIoN
Among patients with cirrhosis (n = 2157), there were 131 (6.1%) DCC events. The majority of DCC events (66%) occurred in patients in the untreated group, providing a DCC incidence rate of 108.7 per 1000 person-years compared with that of 32.0 per 1000 person-years among patients in the DAA-treated group (Table 4) . After adjusting for covariates, we found patients with cirrhosis in the DAA-treated group had a 62% decreased risk of developing DCC compared with those in the Table S4 ).
eFFeCt oF all-oRal Daa RegIMeN oN HealtH CaRe CoStS
For the economic analysis, we further excluded patients who had less than a 12-month follow-up period in order to evaluate at least 1 year of medical costs after HCV treatment (mean follow-up, 17 months). After PS matching, a total of 8064 patients (682 with cirrhosis and 7382 without cirrhosis) were included.
Unadjusted Medical Costs
Unadjusted medical costs for the PPPY preand posttreatment periods in patients with HCV with and without cirrhosis are shown in Table 5 . In patients with cirrhosis (n = 682), liver-related total medical costs were significantly lower in the DAA group ($1863) compared with the untreated group ($4079; P < 0.001). All-cause costs were lower in the DAA group ($18,601) compared with the untreated group ($34,359), although the difference was not statistically significant (P = 0.158). In patients without cirrhosis, (n = 7382), liver-related costs were significantly higher in the DAA group ($737) compared with the untreated group ($436; P < 0.001), which was driven by a higher rate of outpatient visits in the DAA group compared with the untreated group (3.2 vs. 0.7; P < 0.001; data not shown). However, all-cause costs were lower in the DAA group ($13,721) compared with the untreated group ($14,157), but this difference was not statistically significant (P = 0.093).
Daa treatment Costs
The mean all-oral DAA treatment costs for patients with HCV with cirrhosis were $123,086, which was $22,619 higher than the mean for patients with HCV without cirrhosis ($100,467) because of a longer duration of therapy (98 vs. 85 days) (Supporting Table S6 ).
adjusted Medical Costs
After adjustment for demographic characteristics, comorbidities, and pretreatment medical costs, patients with cirrhosis in the DAA group had significantly lower liver-related and all-cause health care costs compared with those in the untreated group (Fig. 2) . Patients with cirrhosis in the DAA group were estimated to have mean liver-related costs of $1749, which was 62% lower than that for the untreated group ($4575; P < 0.001). Allcause medical costs were estimated at $19,300 in the treated group, which was 42% lower compared with patients in the untreated group ($33,039; P < 0.001). In contrast, patients without cirrhosis who received all-oral DAA treatment were estimated to have slightly higher liver-related costs ($726) compared with those of untreated patients ($441). All-cause medical costs were also slightly higher in the DAA-treated group ($14,071) compared with the untreated group ($13,828). However, these differences were not statistically significant.
Discussion
This retrospective cohort study provides real-world evidence from the U.S. general population on the effects of all-oral DAA therapy for clinical and economic outcomes covering the first 3 years after the approval of the second generation of DAAs in the United States. In patients with cirrhosis, the crude incidence rates of HCC (11.7 vs. 48.9 per 1000 person-years) and DCC (32.0 vs. 108.7 per 1000 person-years) were three to four times lower in patients in the DAA-treated group compared with those in Our results are very encouraging, as DAA therapy is associated with high cure rates, few side effects, and a decrease in adverse liver-related outcomes, unlike earlier HCV interferon-based therapies, which carried lower cure rates probably as a result of the high side-effect profile of interferon leading to high discontinuance of treatment prior to cure. (10, 24) Interestingly, unlike our results, a recent report indicated that DAA treatment was associated with an unexpected high rate of HCC. (25) (26) (27) Investigators suggest that the high rate of HCC may actually be the results of the "warehousing effect"-a state where curative treatment was offered to those who were the sickest and were unable to be cured with the prior IFN treatment. (28) A recent study of U.S. veterans found that DAA treatment was not associated with a higher risk of HCC in patients with HCV with cirrhosis. (28) Our findings are more in line with the U.S. veterans, as we determined that being male, of older age, and having cirrhosis, diabetes, and any type of cancer, in addition to no treatment, were the predictors for HCC.
Moreover, in our study, we also determined that the risk of incident decompensation was significantly lower in the DAA-treated group regardless of cirrhosis status, although more DCC events occurred in the group with cirrhosis. Our results are different than previous studies, which reported the possibility of an increased risk for hepatic decompensation related to DAA therapy. (29, 30) One reason for these reported differences may come about as a result of the type of data and populations used in the analyses. Our analysis compared the incident liver decompensation of DAA therapy with untreated patients with HCV without DCC at baseline whereas the previous studies did not have a control group and included patients with DCC prior to initiation of DAA therapy. (29, 30) Consistent with our study, the previous studies reported that the risk of hepatic decompensation was observed in patients with pretreatment cirrhosis receiving DAAs. (29, 30) A disturbing study finding was that the majority of patients with HCV (70%) within our study were not treated. During the study period, 45% of patients with cirrhosis and 72% of patients without cirrhosis did not receive any HCV treatment. It is noteworthy that DCC and HCC incidence rates were significantly higher in patients with cirrhosis receiving DAA therapy compared with patients without cirrhosis who did not receive any treatment, suggesting that delaying this curative treatment until patients develop cirrhosis can substantially increase the risk of liver complications.
Nonetheless, the high percentage of patients not receiving treatment suggests that patients are still encountering barriers to treatment even within a group with access to health insurance. In our study, we determined that being female, having alcohol/drug use disorder, HBV, COPD, CKD, CVD, depression, cancer history, and ALD as well as being pregnant were predictors for no treatment. Therefore, identifying and then overcoming the barriers to treatment remains a significant issue in eradicating HCV and its clinical burden.
Besides reporting the reduction in the clinical burden of HCV with DAA treatment, we also investigated the economic burden of HCV and found that HCV DAA treatment was associated with a decline in health expenditures for both liver-related (by $2826) and all-cause-related ($13,739) expenditures, after controlling for comorbidities and pretreatment costs, especially in patients with cirrhosis. When we monetized PPPY data to all patients with cirrhosis in the United States (n = 223,000 patients with cirrhosis [8.3% among 2.7 million patients with HCV in the United States]), assuming 100% of patients were treated with DAA therapy, liver-related and all-cause cost savings from treatment with DAA therapy were estimated to result in savings of $0.6 billion ($2826 PPPY) and $3 billion per year ($13,739 PPPY), relative to no treatment, respectively.
Although we did not observe decreased costs in the DAA group among patients without cirrhosis, we believe that over time the savings associated with the avoidance of advanced liver disease and other complications of HCV will be offset, as predicted by several economic investigations in which DAA therapy was found to be cost-effective in the long term. (16) (17) (18) 31) Furthermore, although we did not study HCV-associated extrahepatic manifestations in this study, previous investigators found that a large proportion of all-cause medical costs were attributable to extrahepatic manifestation-related costs in patients with HCV, adding strength to our findings that treatment with DAAs can reduce the high medical costs in patients with HCV by saving in both liver complications and extrahepatic manifestations avoided with cure. (14, 32, 33) It is important to note that in our economic analysis, we estimated that the costs for at least an 8-week DAA treatment course ranged between approximately $100,467 and $123,086. However, the actual cost paid for the DAA therapy may be significantly less than our estimation considering the high rebates and discounts negotiated between pharmaceutical companies and payers. (34) Nonetheless, despite the competition and negotiated pricing, cost still remains a financial burden for payers and continues to limit the public health impact of new DAA therapies. Therefore, our findings provide policy makers and stakeholders with information they need when determining policies that affect the accessibility of these highly effective drugs and the impact on the long-term public health as well as the economic benefits of curing HCV, especially during the opioid crisis when HCV infection is actually increasing. (35) There are several strengths to our study. First, this study has methodological strength as a result of using a prescription time-distribution matching to adjust time to initiate HCV treatment after diagnosis that add the same duration to the time between the first HCV diagnosis date in each untreated patient. In addition, we used regression-adjusted matching; matching was followed by regression adjustment to the matched data, which is a relatively robust method for estimating treatment effects in health economic evaluation compared with matching or regression adjustment alone. (36) These statistical methods have not been performed in many of the previous economic studies for patients with HCV.
Second, this study included a number of strongly associated covariates that were controlled for in the Cox models (e.g., diabetes, PPIs, statins), stratified by the presence of cirrhosis. For the economic model, we further controlled for pretreatment costs in addition to demographics and comorbidities to account for skewness and effects of confounders to isolate the estimated treatment effects on medical costs. Third, this study has a large sample size that is representative of the general insured populations in the United States. We also conducted several sensitivity analyses to assess the robustness of our results and found that our results were consistent.
Our study also had a few limitations. The study lacked laboratory results (e.g., SVR, biopsy) to corroborate ICD coding. The Truven claims databases contain deidentified patient-level health data, where individual records cannot be linked back to an original health record system and/or other databases for ICD code validations. However, a recent validation study reported that a coding algorithm including 1 inpatient or 2 outpatients ICD-9 codes for HCV and cirrhosis had high accuracy, although using ICD-10 codes has not yet been validated. (37) Previous studies also validated that the use of billing ICD-9 codes for the diagnosis of DCC and HCC had positive predictive value of 88%-91%. (20) It is possible that incomplete, missing, or miscoded claims may impact the study findings; however, coding errors are likely distributed evenly between the treated and untreated groups. This study is also limited by its design as a retrospective cohort study; however, prospective studies comparing DAA therapy with no treatment would be infeasible and unethical, as DAAs have been shown to be highly efficacious and significantly associated with a decreased risk of advanced liver diseases (i.e., HCC and DCC). In addition, we have a relatively short follow-up, which did not allow us to fully explore the long-term effects of all-oral DAAs.
In conclusion, DAA therapy was found to be associated with significant reductions in the incidence of HCC and DCC among patients with and without cirrhosis. In addition, the use of DAA treatments was found to be economically sound for both liver-related and all-cause health care resource use. Yet, despite these positive findings, and the availability of these highly effective all-oral DAA therapies, the majority of patients with HCV within our study were not treated. Future studies must continue to investigate ways to improve access to treatment for all patients with HCV.
